In this study, natural zeolite was used as source of silica to produce cordierite. MgO and Al 2 O 3 were added to zeolite to obtain the cordierite stoichiometry. Mixture of these raw materials was mechanically activated for different durations. The mechanically activated powder mixture was characterized using XRD, DSC, SEM, specific surface area, and particle size analyzer. The pycnometer method was used to measure the densities of mechanically activated powder mixtures. Mechanically activated for 60 min powder mixture was sintered at 1150-1350 ℃ for 1 h. The sintering behavior of the samples was determined by measuring the linear shrinkage, density, and apparent porosity. The phases in the sintered samples were identified by XRD. Cordierite and spinel phases were detected for sintered at a temperature higher than 1150 ℃ but corundum accompanied to cordierite and spinel at 1150 ℃. The microstructure of the samples was examined using both SEM and AFM. The sintering behavior and microstructural properties of the samples changed with an increase in the sintering temperature. As the apparent porosity increased with increasing sintering temperature, linear shrinkage and density values decreased. Density values were determined as 2.31-2.69 g/cm 3 depending on the temperature. The grains coarsened at higher temperature and the average grain size depending on the temperature was 1.34-1.96 μm. From the results optimum sintering temperature was determined as 1250 ℃. Dense material was produced at a temperature as low as 1250 ℃ using zeolite as raw material.
Introduction


Cordierite cited as refractory material for industrial applications has 2MgO·2Al 2 O 3 ·5SiO 2 chemical composition [1, 2] . Cordierite phase is firstly discovered by Rankin and Merwin in their studies on the phase diagram of MgO-Al 2 O 3 -SiO 2 [3] [4] [5] . The simplified Cordierite has three polymorphs as, "α" also known as indialite, "β", and "µ" [7] [8] [9] . There are two types of cordierite which were distinguished as porous and dense [6] . Besides, cordierite is widely used in glass-ceramic compositions [2] . Cordierite and cordierite-based glass ceramics are promising materials for industrial applications because of their low dielectric constant, high resistivity, elevated thermal and chemical stability, very low thermal expansion coefficient, and excellent thermal shock resistance resulting from its very low thermal expansion, high thermal conductivity, high refractoriness, and fine mechanical properties [7, [10] [11] [12] [13] [14] .
Because of its features, cordierite finds usage area as support for catalytic converter [15, 16] , filters [2] , refractor coating on metals, integrated circuit board, electrical porcelains [7] , heater element [4, 8] , electrical [8] , thermal [2] , and sound isolation, microwave and electromagnetic wave absorbent [4] .
The most common production way of cordierite is solid state sintering of SiO 2 , Al 2 O 3 , and MgO mixture that is prepared according to cordierite stoichiometry at high temperatures [17] . Low sintering temperature can be obtained by using additives or preparing fine grained powders [18] . It is possible to decrease the sintering temperature by using additives, but usage temperature also decreases correspondingly [19] .
Mechanical activation is another process that could be used for decreasing sintering temperature [14] . In this process, particle size [20] and reaction temperature are decreased and degree of completion of solid state reaction is increased as well [21] . Mechanical activation process is important as it creates deformations or changes in the structure. These changes modify the phases which occur in the structure [22] . Particle size and surface area are often correlated with chemical reactivity, packing, catalytic behavior, adsorption, contamination, and even compaction and sintering. For example, if the surface area increases, the particles exhibit less efficient flow and packing. In addition, as the mean particle size increases, sintering effect degrades [23] . Balaz [20] stated that processes under the influence of mechanical activation can be subdivided into primary and secondary ones. Generally, the primary processes such as increase of internal and surface energy, increase of surface area, decrease of the coherence energy of solids increase the reactivity of the substance. The secondary processes such as aggregation, adsorption, and recrystallization take place spontaneously in activated systems and may appear even during milling or after milling, a gradual deterioration is observed. During this process, three stages can be clearly distinguished: the Rittinger stage (a), in which the interaction of particles can be neglected; the aggregation stage (b), in which the new surface area produced is not proportional to the energy input because of particle interaction (aggregation); and the agglomeration stage (c), in which the increase of dispersion first drops to a negligible value and then stops altogether [20] . This process has been used in production of high technology materials from simple to complex powder systems for modification of physicochemical features [24] .
In literature, starting materials for cordierite production are presented as magnesium compounds and kaolinite mixture; alkaline-earth alumina silicate glass, kaolinite, alumina and magnesite; talc, calcined alumina and fly ash; kaolinite, talc, silica and alumina; talc, kaolinitic clay and gibbsite; kaolinite, talc and magnesium oxide; talc, kaolinite, silica, sepiolite and feldispar; kaolinite and talc [25] . However, there is no study about cordierite ceramic produced from zeolite, so far [26] .
Zeolites are known as alumina silicate mineral found in the nature [27] . Tetrahedral of silicon-oxygen (SiO 4 ) and aluminum-oxygen (AlO 4 ) units repeat themselves in the three-dimensional network [28] . In their structure connected spaces, water molecules [29] and exchangeable alkaline or alkaline-earth charges such as Na + , K + , Ca 2+ , and Mg 2+ situated in two-dimensional channels [30] . Present cations that bonded to aluminum by electrostatic force, are easily exchangeable with other metal cations to maintain the natural neutralization [31] .
The aim of this study is to investigate the feasibility of using zeolite for cordierite manufacturing and determine the effect of mechanical activation and sintering temperature on the phase composition, linear shrinkage, density, and apparent porosity.
Materials and methods
1 Characterization and preparation of the powder mixture
The starting materials used in this study were Ball-to-mass ratio was kept constant at 20. Then, the mechanically activated powder mixture was characterized by several techniques. The phase analyses of the mechanically activated powders were realized using X-ray diffraction (XRD) analysis with a Rigaku D/MAX 220 PC diffractometer operating with Cu Kα (λ = 1.54056 Å) radiation.
Amorphization degree of each phase found within the powder mixture was separately calculated according to XRD data by the following Eq. (1):
where B 0 and B X denote the background values of the diffraction peaks for non-activated (reference) sample and activated sample while I 0 and I X are integral intensities of the diffraction peaks for non-activated (reference) sample and activated sample, respectively [20] . TA Instruments SDT Q600 equipment was used to perform differential scanning calorimetry (DSC) experiments. The powder mixture mechanically activated for 30 and 60 min was heated to 1350 ℃ under air atmosphere at heating rate of 10 ℃/min.
The average particle size, particle size distribution, and the nature of agglomerates were determined using a particle size analyzer (Microtrac S3500). The specific surface area of powders was measured by Micromeritics Gemini 2360 Surface Area Analyzer. The morphology of the powder mixture was examined by scanning electron microscopy (SEM, JEOL JSM 6060 LV). The pycnometer method was used to measure the density of the powders.
2 Production and characterization of the samples
For production of the samples, water (7 wt%) was added as binder to the activated powder mixture and disc samples (Ø = 16 mm, with 3 mm thickness) were shaped by uniaxial dry pressing with pressing pressure of 3.5 tones. Compacted samples were dried at 110 ℃ for 24 h and sintered in electrical furnace at 1150, 1200, 1250, 1300, and 1350 ℃ with 10 ℃/min heating rate for 1 h. The samples were cooled to room temperature in the furnace.
The sintering behavior of the samples was evaluated by measuring the linear shrinkage, water absorption, density, and apparent porosity. The density of the sintered specimens was determined by the Archimedes principle. Phase analysis, examination of microstructure, and grain size measurement were realized by Rigaku Ultima X-ray diffractometer with Cu Kα (λ = 1.54056 Å) radiation, JEOL JSM 6060 LV scanning electron microscope and Quesant AFM at 3-Hz scanning rate, respectively.
For microstructural examination, firstly, sintered samples were prepared via classical ceramography techniques. After the polishing process, the samples were etched with the HF solution of 10% during 90 s. One of the simplest techniques to estimate an average grain size is linear intercept method. Therefore, linear intercept method was used for grain size measurement. Random ten straight lines as vertical, horizontal, and diagonal were drawn upon the AFM images. The number of grain boundaries intersecting the line was counted, and the mean intercept length was calculated according to Eq.
where L T is the total line length, M is the magnification, N is the total number of grain boundary intersections, and L is the mean intercept length [32] Fig. 2 . Obtained XRD patterns allowed the observation of structural changes occurred within powder mixture that prepared by planetary highenergy ball mill. Periclase, corundum, and zeolite phases were detected within activated mixture. However, any new phase formation was not observed and in respect to increased milling time, intensity of the peaks shortened and/or disappeared. In addition, amorphization took place, and an increase in amorphization degree was observed with prolonged activation time. Balaz [20] stated that mechanical activation can be regarded as a multi-step process with changes in the energetic parameters and the amount of accumulated energy of solids in each step. The four processes, namely, the accumulation of defects, amorphization, the formation of metastable polymorphous forms, and chemical reaction, are united by the term mechanical activation. Balaz described that the amorphization is in fact a highly distorted periodicity of lattice elements, and it is often characterized as a short-range order in contrast to the long order of a fully crystalline structure. During high-energy milling, the size of crystals decreases to some critical values. Further energy supply to these crystals of limiting size causes further deformation of crystals, energy accumulation in the volume or at the surface of crystals, and subsequently amorphization. In addition, Tromans and Meech [34] expressed that formation of meta-stable in other words amorphous phase was indicated by line broadening and disappearance of reflections at XRD that means alteration of long-range lattice periodicity and creation of large number of dislocation. Amorphization degree of each phase found within the powder mixture was separately calculated and presented in Fig. 3 . It was seen that amorphization phenomenon mostly occurred in zeolite phase and this tendency increased with increment in milling time. As understood, while alteration of zeolite structure was easily achieved, alteration of MgO and Al 2 O 3 was harder. As known, zeolites are microporous, crystalline, hydrated aluminosilicates composed of TO 4 tetrahedra (T = Si, Al) with O atoms connecting neighboring tetrahedra, in which the substitution of silicon by aluminum in the framework positions leaves a negative charge behind; in turn, this charge may be compensated by alkali or alkaline earth cations [35] . The shorten and/or disappeared diffraction peaks of zeolite can be attributed to: (1) the breaking of external Si-O-Si bonds and Si-O-Al bonds of zeolite crystal and the collapse of the original crystalline structure under the effect of intensive mechanical forces; (2) the reduction of the zeolite particle size [35, 36] . After 1 h milling time, amorphization degree of zeolite was 100%. Figure 4 illustrates the DSC curves of the powder mixture mechanically activated at two different durations. Both DSC curves revealed two endothermic peaks and two exothermic peaks. The endothermic peak at around 140 ℃ indicates the presence of free water and the weight change takes place due to the loss of the physically adsorbed water at around this temperature. The large endothermic peak at around 580 ℃ results from dehydroxylation of zeolite having molecular water. The first exothermic peak at 890 ℃ was attributed to formation of spinel phase (MgAl 2 O 4 ). The exothermic peak at 1065 ℃ of MgAl 2 O 4 spinel phase was reported by Su et al. [37] . The second exothermic peak at 1200 ℃ corresponds to the formation of α-cordierite phase (indialite). This is in agreement with the findings of Redaoui et al. [38] that reported 1153 ℃ for formation of α-cordierite phase. Yürüyen et al. [39] studied with mechanically activated talckaolinitealumina ceramics system and reported that the α-cordierite phase formed at about 1265 ℃. Furthermore, they stated that the mechanic activation process decreased the formation temperature of α-cordierite phase. Specific surface area and particle size for D 90 graph of the samples are presented in Fig. 5 . Surface area increment with extended milling time was expected but contrary result was achieved. Determined increase of the specific surface area relates to aggregation and agglomeration phenomenon. The smaller particles gather to form larger entities. D 90 corresponds to the particle size at the 90% point on the cumulative distribution. As seen in Fig. 5 , the particle size decreased with increasing mechanical activation duration.
SEM micrographs of the mechanically activated powder mixture are presented in Fig. 6 . As shown in this figure, milling time affects particle size and shape. The particles have rounded morphology due to the erosive effects of the activation process. The irregular aggregate particles formed from the smaller particles with different particle size, occurred with increasing milling time.
Density change of the powder mixture as a function of the mechanical activation duration is shown in Fig. 7 . The density of the mechanically activated powders decreased with increase in milling time. However, this decrease is not notable. The densities of the activated powders for 5, 60, and 120 min were 2.698, 2.647, and 2.637 g/cm 3 , respectively.
2 Characterization of sintered samples
After 1 h milling time, amorphization degree of zeolite was 100%. Therefore, mechanical activation duration for characterization studies after sintering was kept constant at 60 min. The XRD patterns of the sintered samples at different temperatures are presented in Fig. 8 . Cordierite phase was obtained at all temperatures, but purity of the samples related to other accompanying phases (corundum: JCPDS Card No. 10-0173, spinel: JCPDS Card No. 70-5187), and intensity of cordierite peak were different from each other. Cordierite peaks at all sintering temperature supported by two different JCPDS Cards (JCPDS Card Nos. 82-1884 and 13-0294). It was seen that intensity of cordierite peak became stronger with increase in sintering temperature. At 1250 ℃, α-cordierite (indialite) phase at 2θ =10.45 for (100), and spinel at 2 = 65.22 for (440) were identified as most intense peaks of the related phases. In addition to cordierite phase, corundum and spinel (MgAl 2 O 4 ) were detected in samples sintered at 1150 ℃. So, it can be said that this temperature is not enough for sintering. The cordierite has very narrow sintering interval and this causes basic problems in production of cordierite ceramics [3] . They are not easily sintered without any sintering aids used to operate a liquid phase process close to their melting point (1460 ℃). Some attempts have been made to improve the ability to sinter cordierite. These studies mainly point to both the use of sintering aids and the development of new methods of synthesis [10] . The cordierite phase was obtained at 1150 ℃. Whereas, our previous studies on non-activated powders of zeolite+ Al 2 O 3 +MgO indicate that cordierite phase cannot be obtained at temperatures up to 1400 ℃ [26] . It might be originated from using the stored energy that was obtained from mechanical activation process in the particulate system. This stored energy had an important role for reactions at lower temperatures in respect to the increase in area of particle surface and utilization of stored energy [20] . Spinel structure was detected at all temperatures. Naskar and Chatterjee [40] In addition to this, glassy phase occurred in the samples that were sintered at different temperatures. If Table 1 is examined, it will be seen that zeolite contains silica, alumina, alkaline, and alkaline-earth oxides. In this case, the sintering mechanism is liquid phase sintering and the formation of a glassy phase is inevitable. However, glassy phase quantity decreased with increasing sintering temperature. From the XRD result it can be said that, our optimum sintering temperature is 1250 ℃ and it is lower than other studies in respect to cordierite formation [4, 5, 7, 39] . Figure 9 illustrates SEM micrographs of the polished and etched surface of samples sintered at various temperatures for 1 h. As seen, microstructures consist of larger grains and smaller grains. The smaller grains settled on larger grains. Quantity and size of the pores increased with increasing sintering temperature. It is known that liquid phase sintering occurs at three stages: particle rearrangement, dissolution and precipitation, and solid state sintering. In solution and re-precipitation process, smaller particles dissolve from areas where they are in contact. The dissolved particles are carried away from the contact areas and re-precipitate on larger particles [22, 42] . EDS analyses of the sample sintered at 1250 ℃ for 1 h are presented in Fig. 10 . As seen, both smaller grains and larger grains exhibit close composition.
AFM images of the sintered samples and mean grain size variation as a function of sintering temperature are presented in Fig. 11 . As expected, the grains coarsened at high temperatures. The mean grain size changes between 1.34 and 1.96 µm depending on temperature.
The sintering behavior of the samples was evaluated by the determination of the linear shrinkage, density, and apparent porosity as a function of the sintering temperature. The obtained results are presented in Fig. 12 . As observed from the graphics, the apparent porosity value increased while the linear shrinkage and density values decreased with increasing sintering temperature. This event can be explained as follows: quantity of glassy phase which is a metastable phase decreased with increasing sintering temperature. The decomposition of oxides allowing the release of oxygen took place at higher temperatures and swelling occurred at samples. Therefore, apparent porosity value increased while the linear shrinkage and density decreased. The density values changed between 2.31 and 2.69 g/cm 3 depending on sintering temperature. Fotoohi and Blackburn [43] indicated that the theoretical density of cordierite is 2.6 g/cm 3 and the density of the samples produced from mechanically activated kaolin/talc/ boehmite powders and sintered at 1300 ℃/2 h was 2.33 g/cm 3 . Neto and Moreno [19] reported that the density of samples produced from mechanically activated kaolin/talc/alumina powders and sintered at 1350 ℃/1 h 
Conclusions
Zeolite+Al 2 O 3 +MgO powder mixtures prepared according to the cordierite stoichiometry were mechanically activated for 5, 15, 30, 60, and 120 min. Then, the activated powders for 60 min were sintered at 1150, 1200, 1250, 1300, and 1350 ℃ for 1 h.
A very dense material with a high content of cordierite was produced using zeolite as raw material.
The produced samples contain cordierite, spinel, and some glassy phases. The intensity of cordierite peak increased with increasing sintering temperature.
Microstructural investigations of the sintered samples revealed various features, including blocky grains, nodular grains, and porosity. The grains coarsened with increasing sintering temperature.
The apparent porosity value increased while the linear shrinkage and density values decreased with increasing sintering temperature.
From the results optimum sintering temperature was determined as 1250 ℃. Dense material was produced at a temperature as low as 1250 ℃ using zeolite as raw material.
